Allanpringite is a new ferric iron phosphate with the ideal formula Fe 3 (PO 4 ) 2 (OH) 3 ·5H 2 O, and is closely related to wavellite, Al 3 (PO 4 ) 2 (OH) 3 ·5H 2 O. Type locality is the dump of the abandoned Grube Mark near Essershausen, ca. 5 km SE of Weilburg/Lahn, Taunus, Hesse, Germany. The mineral occurs as pale brown-yellow, [010] acicular, invariably twinned (by nonmerohedry) crystals which are always intergrown to form bundles of subparallel individuals. The maximum length of crystals is ca. 1.5 mm (usually much smaller); bundles can reach up to about 2 mm. The mineral is associated with beraunite (reddish "oxiberaunite" variety), cacoxenite, strengite and cryptomelane. Allanpringite is translucent to transparent, its streak is white with a pale yellowish tint, and it has a vitreous lustre. It shows a perfect cleavage parallel to the morphological elongation and one good cleavage parallel to {010}. It is brittle and has an uneven fracture, a Mohs hardness of ' 3, and D(meas.) = 2.54 (2) (50) (110), 3.600 (50) (021, 02-1), 3.231 (80) (204,. The crystal structure has been determined using singlecrystal X-ray diffraction data (MoK [ radiation, CCD area detector) obtained from a twinned fragment (R(F) = 13.3 %). The structure of allanpringite is a monoclinically distorted, pseudo-orthorhombic variant of the orthorhombic structure of its Al-analogue wavellite, Al 3 (PO 4 ) 2 (OH,F) 3 ·5H 2 O. Chains of corner-sharing, distorted Fe(O,OH,H 2 O) 6 octahedra parallel to [010] are corner-linked by PO 4 tetrahedra. Channels, also parallel to [010], host a positionally split water molecule. Average Fe-O distances of the three nonequivalent Fe atoms range between 2.014 and 2.021 Å. Single-crystal laser-Raman spectroscopy confirms an overall weak hydrogen bonding scheme. The structure of allanpringite is also related to those of kingite and mitryaevaite. The amorphous santabarbaraite has a chemical formula basically identical to that of allanpringite. The name honours Dr. Allan Pring, eminent Australian mineralogist.
Introduction
In 1999, samples of an unidentified secondary phosphate mineral, forming pale brown-yellow bundles of small acicular crystals, were collected by Mr. Michael Legner of Villmar, Germany, on the dump of a small old iron mine in the Taunus area, Germany, and were subsequently submitted to one of the authors (G. B.). Preliminary chemical analyses showed that the new mineral was an Fe-phosphate containing minor Al. A powder X-ray diffraction pattern could not be matched to any known mineral or synthetic compound.
Preliminary single-crystal studies failed because all crystals were invariably twinned by non-merohedry and generally of poor quality and small size. A complete characterisation of the mineral was only possible after a crystal fragment was finally found that was suitable for a single-crystal structure determination. A preliminary characterisation of the new mineral was given by Kolitsch et al. (2004) . The mineral and its name were unanimously approved by the Commission on New Minerals and Minerals Names, IMA (no. 2004-050) . The name is in honour of Dr. Allan Pring, Australian mineralogist, in recognition of his numerous contributions to the "mineralogical rainforest" (especially on phosphates, arsenates and sulfosalts). The type specimen is preserved in the collection of the Natural History Museum, Vienna, Austria.
The present work is part of studies devoted to the crystal chemistry of several complex fibrous iron phosphate minerals (Kolitsch, 1999 (Kolitsch, , 2001 (Kolitsch, , 2004 .
Occurrence and paragenesis
Allanpringite was found on the dump of the abandoned Grube Mark near Essershausen, ca. 5 km SE of Weilburg/Lahn, Taunus, Hesse, Germany. The Grube Mark is a small old iron mine with "limonite" (predominantly consisting of botryoidal goethite) as the main ore. The deposit was formed during Tertiary weathering processes (Blaß, 2002) , and the ore was mined from 1828 to 1914, and also briefly in the 1940s. It consisted of a "limonite" layer with a thickness of 1-4 m, and an extension of 300 m. Toward the depth of the deposit, fine-grained siderite was sometimes encountered. The ore was characterised by small contents of Mn (1-3 %) and P (1 %). Rarely, small nests of phosphorite ore and secondary phosphates were encountered.
Allanpringite has only been found on the mentioned dump, but not on dumps of any of the other, adjacent small iron mines (M. Legner, pers. comm., 2004) . The new mineral, for which a brief preliminary description as a "new ironaluminium phosphate" was given by Blaß (2002) , is associated with beraunite (reddish "oxiberaunite" variety; fresh crystals up to 1 mm), cacoxenite (small sprays, hemispheres and felty coatings), strengite (small white opaque globules) and cryptomelane (massive, earthy). The type locality is also known for several other secondary phosphates (Blaß, 2002) : chalcosiderite, dufrenite, natrodufrenite(?), kidwellite, phosphosiderite, planerite, pseudomalachite, rockbridgeite, strengite, tinticite, turquoise, vantasselite and wavellite; non-phosphate species identified are jarosite, cryptomelane, pyrolusite, goethite, hematite and quartz (Blaß, 2002) . As judged from its paragenesis, allanpringite is a supergene (or possibly a very-low-temperature hydrothermal) mineral. It has formed contemporaneously with, or later than, beraunite, and is sometimes overgrown by cacoxenite. However, cacoxenite can also form the basis of beraunite and allanpringite. The iron in all accompanying phosphates is trivalent, indicating oxidising conditions of formation also for allanpringite.
Appearance and physical properties
Allanpringite forms pale brown-yellow, translucent to transparent, [010] acicular, twinned crystals which are always intergrown to form bundles of subparallel individuals (Fig. 1) . The maximum length of crystals is ca. 1.5 mm (usually much smaller); bundles can reach up to about 2 mm. The only clearly recognisable crystal form is {010} (perpendicular to the morphological elongation), although the crystal termination sometimes is also rounded and may be composed of several different {hkl} forms. Due to twinning and pervasive subparallel intergrowth, no prism forms could be identified without ambiguity. The twinning is by non-merohedry and parallel to the morphological elongation, as shown by single-crystal studies; it is not visible under the polarising microscope.
Allanpringite is translucent to transparent, its streak is white with a pale yellowish tint, and it has a vitreous lustre. It shows a perfect cleavage parallel to the morphological elongation (probably parallel to {101}) and a good cleavage parallel to {010}. It is brittle and has an uneven fracture, a Mohs hardness of ' 3, and D(meas.) = 2.54(2) g/cm 3 , D(calc.) = 2.583 g/cm 3 (for empirical formula). Optically, it is biaxial positive, with [ = 1.662(5), q = 1.675(5), * = 1.747(5), 2V * (calc.) = 48°; pleochroism is strong: X colourless, Y colourless, Z dark yellow; absorption Z>>X ' Y; orientation XYZ = **b (pseudo-orthorhombic); no visible dispersion.
Chemical composition
Quantitative electron microprobe analysis (CAMECA SX50) was used to determine the chemical composition of allanpringite. Because the mineral showed a slight tendency to dehydrate under the electron beam, measurement parameters were modified accordingly (acceleration voltage 15 kV, beam current 10 nA, beam diameter ca. 5 µm, counting time 20 s). Additionally, the polished grains were moved under the electron beam. A slow and minor dehydration could not prevented, however. Non-oxygen elements detected were Fe, P, Al (minor), Mn (traces) and F (traces). A wavelength-dispersive scan indicated the absence of any other elements with Z > 8. As there was insufficient amount of material for a direct determination of the water content, it was calculated from the crystal-structure solution. Table 1 summarises the analytical data which led to the empirical formula (Fe 2.98 Al 0.03 )(PO 4 ) 2 (OH 3.02 F 0.01 )·4.97H 2 O, based on 16 O atoms, and are in good agreement with the results of the crystal-structure determination (see below). In the core parts of the crystals, the Al contents were somewhat higher than in the outer parts. A slight variability of the Al contents was also observed during additional SEM-EDS analyses.
X-ray powder diffraction data
X-ray powder diffraction data were obtained with the Gandolfi technique (camera radius 114.59 mm, CuK [ radiation, no internal standard). The indexed data, given in Table 2 , show good agreement with a theoretical powder pattern cal- 
Crystal structure
Structure determination
Single-crystal studies of allanpringite were performed with a Nonius KappaCCD single-crystal X-ray diffractometer equipped with a CCD area detector and a 300 µm diameter capillary-optics collimator to provide increased resolution. All of about ten allanpringite crystals studied (tiny prisms) were twinned by non-merohedry parallel to their morphological elongation. Additionally, a tendency to form subparallel intergrowths was pervasive. Single-crystal X-ray intensity data were collected at room temperature from a carefully selected, exceptionally large twin (experimental conditions and other details are given in Table 3 ). A very long detector-crystal-distance (50 mm) was chosen in order to minimise overlap of the reflections from the two twin individuals. The data were corrected for Lorentz, polarisation, background and absorption effects, and reduced to structure factors. Systematic extinctions and structure factor statistics unambiguously indicated the centrosymmetric space group P2 1 /n (refined unit-cell parameters: a = 9.777(3), b = 7.358(2), c = 17.830(5) Å, q = 92.19(4)°, V = 1281.7(6) Å 3 ). The structure was solved by direct methods and refined in P2 1 /n using SHELXS97 and SHELXL97, respectively (Sheldrick, 1997a,b) . A sound structure model resulted, but with a large R(F)-value ( ' 20 %) caused by the effects of twinning. A subsequent omission of about 210 reflections which were most strongly affected by the twinning (reflection overlap leading to F obs considerably larger than F calc ) allowed anisotropic refinement of all non-oxygen atoms and reduced R(F) to 13.3 %. As expected, it was impossible to locate H atoms. Since anisotropic refinement of the O atoms resulted in an only very small improvement of the R-values, the isotropic description was retained (furthermore, three of the 15 O atoms became 'non-positive definite' during the anisotropic refinement). The final positional and displacement parameters are given in Table 4 , and selected bond lengths and angles, calculated bond-valence sums for all atoms, and possible hydrogen bonds are listed in Table 5 . A list of observed and calculated structure factors can be obtained from one of the authors (U.K.). (14) 0.059(7) Note: U eq = (1/3) 7 i 7 j U ij a i *a j *a i a j (Fischer & Tillmanns, 1988 
Description of the crystal structure and relation to wavellite
The crystal structure of allanpringite, ideally Fe 3 (PO 4 ) 2 (OH) 3 ·5H 2 O, is a monoclinically distorted, pseudo-orthorhombic variant of the orthorhombic structure of its Al-analogue wavellite, Al 3 (PO 4 ) 2 (OH,F) 3 ·5H 2 O (Fig. 2 , Table 6). The relations between the axial orientations are as follows (ap = allanpringite): a ap ' a wav , b ap ' c wav , c ap = b wav . The space group of allanpringite (P2 1 /n) is a subgroup of the space group of the wavellite aristotype (Pcmn; standard setting: Pnma). Crystals of allanpringite and wavellite are both elongated along the short ' 7 Å axis, parallel to which the structure contains infinite octahedral chains (see below). The crystal structure of allanpringite is, on account of its close relation to wavellite, also related to those of kingite, Al 3 (PO 4 ) 2 (F,OH) 2 ·8(H 2 O,OH) (Wallwork et al., 2003 (Wallwork et al., , 2004 (Cahill et al., 2001) .
The asymmetric unit of the new mineral contains three Fe, two P, 16 O and 13 H atoms. The labels for the atoms in the refined model were chosen to be equivalent to the labeling in wavellite, as far as possible. A refinement of the occupancies of the Fe sites indicated that each of them are partially replaced by Al atoms, with refined Fe:Al ratios between 91 (2):9(2) and 92(2):8(2) (Table 4). However, considering the effects of the twinning, the true ratios might somewhat differ from these refined values.
The crystal structure is based upon chains of corner-sharing, distorted Fe(O,OH,H 2 O) 6 octahedra parallel to the b axis ( Figs. 2a; 3a,c) . These chains are linked together by PO 4 tetrahedra via common oxygen atoms. The resulting channels, also parallel to the b axis, host a positionally split water molecule (Ow16a, Ow16b; Ow16a-Ow16b = 0.98(3) Å). The position of the equivalent Ow atom in the corresponding channels of wavellite (Araki & Zoltai, 1968) is also split, with a similar distance between the two half-occupied sites (0.90 Å). The average Fe-O distances are fairly similar (Fe1: 2.014 Å, Fe2: 2.018 Å, Fe3: 2.021 Å) and prove, along with calculated bond-valence sums (Table 5) , that all Fe atoms are in the trivalent state. All Fe(O,OH,H 2 O) 6 octahedra are distorted, with intra-octahedral angles deviating up to 14.7°A llanpringite, a new ferric iron phosphate Table 5 . Selected bond distances (Å) and bond angles (°) for the coordination polyhedra in allanpringite, and calculated bond valences. Brese & O'Keeffe (1991) . If the minor Al-for-Fe-substitution on the three Fe sites were taken into account, slightly smaller bond-valence sums for these sites would result. from ideal angles (the maximum distortion is shown by the Fe1-centred octahedron). The average P-O distances are somewhat different (P1: 1.537 Å, P2: 1.521 Å), but very close to commonly observed values in phosphate minerals (e.g., Huminicki & Hawthorne, 2002) . A complex system of medium-strong to weak H bonds reinforces the polyhedral framework; this scheme involves all OH groups and water molecules in the structure (Table 5 ). The donor-acceptor distances range between 2.756 and about 3.2 Å.
The lower symmetry of allanpringite (monoclinic-pseudo-orthorhombic) as compared to wavellite (orthorhombic) is due to a slight zig-zag-like tilting of the Fe1O 6 -based octahedral chains extending along the b-axis (corresponding to the c-axis of wavellite). This tilting is suitably demonstrated by a comparative view of the polyhedral connectivity along the a-axis, i.e. perpendicular to the tilted chains (Fig. 2) . In contrast, in views along b (= c wav ) and c (= b wav ) the crystal structures of allanpringite and wavellite appear nearly identical (Fig. 3) . The tilting of the Fe1O 6 -based octahedral chain in allanpringite is tentatively explained as follows: the Fe1O 6 octahedron is larger than the corresponding Al1O 6 octahedron in wavellite (as well as also slightly larger than the Fe2O 6 octahedron), and thus a tilting of the chain is necessary in order to accommodate it into the framework. The tilting appears to be mainly responsible for the loss of the orthorhombic symmetry (the angle q deviates by 2.2°from a right angle). As a consequence, the Al2 atom in wavellite is split into two positions in allanpringite (Fe2 and Fe3). Furthermore, the P atom in wavellite has two counterparts in allanpringite (P1 and P2), and several O atom sites are also split due to the symmetry reduction. The persistent twinning by non-merohedry of allanpringite is at- Anthony et al. (2000) . ** Pseudomorphs formed by in-situ oxidation of vivianite (alteration sequence: vivianite-metavivianite-santabarbaraite).
tributed to its monoclinic-pseudo-orthorhombic symmetry. Although the twin plane could not be unambiguously identi fied, it is assumed to be (100), i.e., the twin plane corresponds to the symmetry plane lost due to the monoclinic distortion of the framework. It is worth noting that no twinning has ever been reported for wavellite.
The discovery of allanpringite leads to the question whether there exists a solid solution series with its Al-analogue wavellite in nature. A large number of chemical analyses of wavellite have been reported but all show only rather minor Fe contents ( e 3 wt.% Fe 2 O 3 ) and, frequently, a minor F-for-OH substitution. The apparent non-existence of intermediate wavellite-allanpringite solid solution members in natural environments may indicate a solid solution gap between both species. Nonetheless, a hypothetical Fe-rich variety of wavellite may have the same (monoclinic) symmetry as allanpringite. The extreme rarity of allanpringite in nature also suggests that the mineral has either a very narrow stability field or is a metastable phase. Laboratory preparation of synthetic material may be necessary to answer these questions.
Relation between allanpringite and santabarbaraite
Allanpringite has (nearly) the same chemical formula as the amorphous species santabarbaraite (Pratesi et al., 2003) and may be considered as a polymorph of santabarbaraite. However, the latter forms exclusively on in-situ oxidative alteration of vivianite, Fe 2+ 3 (PO 4 ) 2 ·8H 2 O, with triclinic metavi- vianite, Fe 2+ 3-x Fe 3+ x (PO 4 ) 2 (OH) x ·(8-x)H 2 O, as an intermediate phase in the alteration process (Pratesi et al., 2003) . Thus, the genesis is completely different from that of allanpringite which crystallises in a secondary phosphate assemblage. Physical properties and spectroscopic data of santabarbaraite are completely different from those of allanpringite. Table 6 provides a comparison of allanpringite, wavellite and santabarbaraite.
Raman spectroscopy
Laser-Raman spectra of twinned crystals of allanpringite were recorded in the range from 4000 to 200 cm -1 with a Renishaw M1000 MicroRaman Imaging System using a laser wavelength of 488 nm and excitation through a Leica DMLM optical microscope (unpolarised laser light, 180°b ackscatter mode, spectral resolution " 2 cm -1 , minimum lateral resolution ' 2 µm, random sample orientation). The crystals were stable under the laser beam and the spectra are of good quality. Two representative spectra (Fig. 4) show bands (strong ones are underlined; sh = shoulder) due to OH stretching vibrations (at ' 3567, 3412, ' 3197, ' 3060 to ' 3052 sh cm -1 ), H-O-H bending vibrations of water molecules ( ' 1625 cm -1 ), vibrations of the PO 4 tetrahedra (ˆ1 and donor-acceptor distances (see correlation curve established by Libowitzky, 1999) .
